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Abstract We describe the recovery of three daily meteorological records for the southern Alps
(Domodossola, Riva del Garda, and Rovereto), all starting in the second half of the nineteenth century. We
use these new data, along with additional records, to study regional changes in the mean temperature and
extreme indices of heat waves and cold spells frequency and duration over the period 1874–2015. The
records are homogenized using subdaily cloud cover observations as a constraint for the statistical model,
an approach that has never been applied before in the literature. A case study based on a record of parallel
observations between a traditional meteorological window and a modern screen shows that the use of
cloud cover can reduce the root-mean-square error of the homogenization by up to 30% in comparison to
an unaided statistical correction. We find that mean temperature in the southern Alps has increased by 1.4∘C
per century over the analyzed period, with larger increases in daily minimum temperatures than maximum
temperatures. The number of hot days in summer has more than tripled, and a similar increase is observed
in duration of heat waves. Cold days in winter have dropped at a similar rate. These trends are mainly caused
by climate change over the last few decades.

1. Introduction

The Alpine region is one of the areas in Europe most vulnerable to climate change [European Environment
Agency, 2009]. It has already experienced an extraordinary rise in temperature since the late nineteenth cen-
tury, at more than twice the rate of the global trend [Auer et al., 2007]. This change is confirmed by the rapid
retreat of the Alpine glaciers, amounting to an average loss of 2 Gt yr−1 of ice over the period 2003–2009
[Gardner et al., 2013].

The Alps represent a fascinating mixture of different climates, because of the vertical extension and geo-
graphical position. In particular, the Alpine ridge strongly interacts with the midlatitude storm track, which
results in important climatological differences between the southern and northern sides of the chain [Frei and
Schär, 1998; Auer et al., 2007; Brunetti et al., 2009]. The presence of the Mediterranean Sea to the south further
enhances these differences. On a more local scale, the complex topography and numerous lakes allow for a
multitude of microclimatic peculiarities.

The change in mean temperature in the Alpine region over the last two centuries has been thoroughly stud-
ied thanks to the availability of long monthly instrumental series [Auer et al., 2007; Brunetti et al., 2009]. Trends
in temperature extremes still lack such solid results, particularly in the southern Alps. This is due to the lim-
ited recovery of long daily records, as well as the difficulties in homogenizing daily data. The most significant
work of this kind was that of Della-Marta et al. [2007a], who analyzed changes in summer heat waves in west-
ern Europe using 44 homogenized daily temperature series covering the period 1880–2005. They found that
the length of summer heat waves doubled during this period and that the frequency of hot days almost
tripled. While 10 stations used by Della-Marta et al. [2007a] are located in the northern Alps, only one (Lugano,
Switzerland) is from the southern Alps. Our goal is to extend this analysis to the southern Alps by using
multiple stations; moreover, we extend the analysis to cold extremes in winter.
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Climate data series are usually affected by nonclimatic signals (inhomogeneities) caused by station reloca-
tions, changes in the instruments and the radiation screen, changes in the measurement procedures, etc. In
order to analyze real climatic trends, these inhomogeneities must be detected and removed, a process called
homogenization. Compared to annual or monthly data, inhomogeneities in daily data can affect moments of
the distribution other than the mean (e.g., variance). The correction of high-order moments in daily data is
particularly important for the study of extremes, but this is also a challenging task [Brunet et al., 2008].

In the literature, two approaches have been proposed to homogenize high-order moments of daily tempera-
ture: a fully statistical approach [e.g., Della-Marta and Wanner, 2006; Toreti et al., 2010; Mestre et al., 2011; Trewin,
2013] and a physics-based approach that directly addresses the causes of the inhomogeneity [e.g., Auchmann
and Brönnimann, 2012]. The latter requires extremely detailed metadata, which are usually not available, and
therefore, this method is difficult to apply. However, a third possible solution is to combine the two approaches
by adapting the statistical procedure, taking into account covariates in the estimation process. In particular,
Auchmann and Brönnimann [2012] considered radiation (modeled using cloud cover observations), wind
speed, and ground albedo as the fundamental physical factors influencing the day-to-day variability of an
inhomogeneity that depends on the change of the radiation screen. Such relations were also found by ana-
lyzing parallel observations at different sites in Europe [Brunet et al., 2008; Van der Meulen and Brandsma,
2008; Huwald et al., 2009]. For instance, the radiation screen usually has a negligible impact on the observed
temperature in very windy and cloudy conditions but can cause large biases in comparison with other types
of screens during a still, sunny day.

Up until at least the midtwentieth century, a wide variety of radiation screens were used at meteorological
observatories [see e.g., Parker, 1994], causing significant biases in the temperature observations. Even modern
screens can produce biases in excess of 1∘C, when cloud cover and wind speed are low [e.g., Van der Meulen
and Brandsma, 2008]. Similar considerations apply to the position of the screen (e.g., distance from the ground
and other heat sources). One can therefore expect that cloud cover may be a valuable constraint for the correc-
tion of inhomogeneities caused by screen changes and station relocations. In this work, we use subdaily cloud
cover observations as an aid for the statistical model in the estimation of the corrections. We are not aware of
any previous study that has attempted to use cloud cover for a statistical homogenization of historical daily
temperature records, probably because of the lack of digitized cloud cover data. We investigate the potential
benefit of using cloud cover observations by comparing a parallel record of a classical meteorological window
and a modern screen.

This paper is organized into five main sections. Section 2 describes three unpublished instrumental records
for the southern Alps that we recovered. Section 3 describes the methods, in particular, those that we use to
address data quality and homogeneity. In section 4, we evaluate the homogenization algorithm in the parallel
record before we analyze trends in the mean and extreme indices, which are then discussed in section 5.
Section 6 contains our concluding remarks.

2. Data
2.1. Temperature
Three records of daily maximum (Tx) and minimum (Tn) temperature (Domodossola, Riva, and Rovereto) were
independently recovered and digitized by the authors over the past few years, along with the relevant meta-
data (observation times, observers’ names, exact station location, type and position of instruments, and their
changes over time). Monthly averages for these sites had already been recovered and analyzed in previous
studies [e.g., Brunetti et al., 2006; Auer et al., 2007], although they are not necessarily consistent with our data
due to differences in the data sources. For example, the mentioned studies used a different station in Rovereto
for the recent years (M. Brunetti, personal communication, 2016).

We also use the daily record of Lugano, which was already analyzed by Della-Marta et al. [2007a]. However, we
start from the original raw data and perform a new homogenization.

Figure 1 shows the geographical position of the stations (red points), which are clustered in two pairs of
very close locations. The stations are located at low elevations (< 300 m) at the bottom of wide valleys, thus
presenting similar climatological characteristics. The climates of Lugano and Riva, however, are influenced by
the presence of large lakes.
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Figure 1. Map of the stations with topography (in meters above mean sea level). The stations used for trend analysis are
indicated by the red points.

2.2. Cloud Cover
We also digitized subdaily cloud cover observations, representing the fraction of the sky obscured by clouds.
They are expressed either in tenths (Domodossola, Riva, and Rovereto) or eighths/octas (Lugano). A value of
0/10 (0/8) indicates the absence of clouds, while a 10/10 (8/8) represents an entirely covered sky. The data that
we use are visual observations made by human observers. The observations were performed 3 times per day
at fixed hours (slightly different for each station), but we only use the two observations made in the morning
and the afternoon, which are usually close to the times when daily minimum and maximum temperatures,
respectively, occur.

The replacement of an observer can have an impact on the homogeneity of the observations over time, mainly
because the observers (in most cases clergymen) were not always sufficiently instructed. This is relevant for a
trend analysis of cloud cover, but less important for our purposes.

2.3. Domodossola
The record of Domodossola was recovered by the Italian Meteorological Society (SMI) from the original mete-
orological registers (1871–1972), conserved at the Collegio Rosmini in Domodossola. Unfortunately, a few
years (1932–1937, 1944, 1945, 1950, 1961–1962, and 1973–1987) were missing. From 1988 onward daily
data were provided by different institutions (Mountain Community Valle Ossola, Board for the Agricultural
Development of Piedmont, and the National Research Council) that had progressively taken over the man-
agement of the station.

Domodossola lies in the Ossola Valley in the north of the Italian region of Piedmont, at the confluence of five
secondary valleys. Its elevation is approximately 280 m above mean sea level (amsl).

The meteorological observatory of Domodossola was inaugurated on 30 November 1871, by initiative of the
Italian Alpine Club in collaboration with the SMI. The instruments were installed in the town center (“a” in
Figure S1 in the supporting information). The local Rosminian monks were responsible for the observations for
over a century, until 1987. The station had a director who functioned as the scientific supervisor; some of the
directors were also active in publishing studies based on the data measured in Domodossola [e.g., Pinauda,
1914; Pattarone and Alice, 1925].

The standard observation times were fixed at 9:00, 15:00, and 21:00 local time (LT). In June 1876, the station
was relocated to a new building, approximately 250 m from the old one (“b” in Figure S1), but the exposure of
the thermometers was kept nearly unchanged (i.e., meteorological window on a tower). In February 1905, the
thermometers were moved from the tower to a freestanding wooden screen in the backyard (“c” in Figure S1).
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2.4. Riva
The record of Riva was partly (1874–1915) recovered at the University of Bern from the meteorological
yearbooks of the former Austro-Hungarian Empire. The second part of the series (1949–1974) was also tran-
scribed at the University of Bern from data sheets stored in the archive of the former Italian Central Office of
Agrometeorology, which were recently photographed and published by a consortium of Italian research
institutes (project Recupero e valorizzazione dell’Archivio meteo Storico TRentinO (ASTRO)). The third part
(1975–2015) is available on the website of the regional weather service of the Autonomous Province of Trento
(Meteotrentino).

Riva (also known as Riva del Garda) is located on the northern tip of Lake Garda, the largest lake of Italy
(Figure 1). Riva’s climate is largely influenced by the lake [e.g., Giovannini et al., 2015], which mitigates tem-
peratures particularly near the shore, where the town center lies (Figure S2). The elevation of Lake Garda is
65 m amsl.

Until the end of World War I, Riva was part of the Austro-Hungarian Empire. Official meteorological observa-
tions in Riva began in 1869, but complete daily observations have survived only from 1874, when they began
to be published in extenso in the yearbooks of the Central-Anstalt für Meteorologie und Erdmagnetismus. The
yearbooks also reported relocations and detailed descriptions of the stations based on inspections by officials
of the Central-Anstalt. Temperature and cloud cover, along with other variables, were observed 3 times per
day at 7:00, 14:00, and 21:00 LT. Tx and Tn measurements are available starting from July 1876, when maximum
and minimum thermometers were added to the instrumentation. The director of the local gymnasium, Dario
Bertolini, took care of the station (which was moved to his house in 1888) for over 40 years (1871–1912).

In May 1915, Italy declared war on Austria-Hungary. The town of Riva, located on the front line, was entirely
evacuated. The interruption in the temperature observations lasted until 1925, when the Italian Hydrographic
Service reactivated the station. Unfortunately, only the data after 1948 could be found at daily resolution.

The station has undergone several relocations, the most significant being the move from the town center to
a hydroelectric power plant located in a rural area approximately 1.5 km from the lake (1971; “d” in Figure S2).
Recently (2012), the station was relocated to the village of Torbole (3 km southeast of Riva, “e” in Figure S2).

For the period 1978–1990, we shifted backward the Tx observations by 1 day. This is because, following the
standard of the Italian Hydrographic Office, the observations (made in the morning) during that period were
assigned to the calendar day in which the observations were made, even though the maximum value was
usually reached in the previous calendar day.

2.5. Rovereto
Rovereto is the second largest town in the Italian province Trentino. Similar to Riva, it was part of the
Austro-Hungarian Empire until 1919. The town lies about 15 km east of Riva (Figure 1) in one of the major
Alpine valleys, oriented in the north-south direction along the river Adige.

Weather observations in Rovereto were sporadic until the opening of the meteorological observatory in
January 1882 by the joint effort of the Società Alpinistica Tridentina, the Natural History Museum of Rovereto,
and the Austrian Central-Anstalt, with the collaboration of the SMI. The cloister of the Franciscan monks was
chosen to host the observatory, with the instruments housed inside a wooden case (Figure 2) on the north fac-
ing side of the building about 5 m above the ground, following the common guidelines in those times [Jelinek,
1869; Denza, 1882]. The cloister is located in the northern part of the town at an elevation of 207 m amsl.

The weather records suffered only two major interruptions, both linked to the wars that occurred in Europe
in the first half of the twentieth century. The longest break occurred between 1915 and 1919, when Rovereto
was evacuated and severely damaged. The Italian Army restored the station in the same building immediately
after the end of the war. A second interruption occurred in the autumn of 1943 during World War II.

In Rovereto, observations have always been made at the same site. Minor movements along the same north
facing wall are recorded in 1919 and 1960, when the building was renovated. In the early 1990s, the Italian
Hydrographic Service and Meteotrentino set up a second automatic measurement site within the cloister
grounds, providing WMO-compliant observations parallel to the historic site (Figure 2). This automatic
weather station has undergone several interruptions since 2004 due to problems with instrumentation.
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Figure 2. Pictures of the meteorological observatory of Rovereto taken around 2003: (top) the meteorological window
and its sorroundings, (bottom) the automatic weather station (arrow indicates the thermometer), and (right) the inside
of the meteorological window.

The standard observation times of Rovereto were 9:00, 15:00, and 21:00 LT, until December 1932, when they
changed to the current times of 8:00, 14:00, and 19:00 LT. The data were recovered directly from the original
registers conserved by the Natural History Museum of Rovereto.

2.6. Lugano and Other Reference Series
The record of Lugano was provided by the Swiss National Weather Service (Meteoswiss). Metadata come from
Kuglitsch et al. [2012]. This series is the longest record available for this study, covering the period 1864–2015
without gaps.

Lugano is located on the northwestern shore of lake Lugano in the Swiss canton of Ticino, approximately
50 km southeast of Domodossola (Figure 1). Similarly to Riva, its climate is mitigated by the proximity of
the lake. The station has always been located near the shore, despite two relocations in 1940 and 1972. The
elevation of the lake is 271 m amsl. Observation times were at 7:30, 13:30, and 21:30 LT until 1970 and at 6:45,
12:45, and 18:45 LT from 1971 to 1980. Automatic instruments were introduced in 1981, allowing temperature
measurements every 10 min. Since then, daily extremes refer to the UTC calendar day (i.e., starting at 1:00 LT).

We use 14 additional Tx and Tn series (Table 1) as references for the homogenization. Six of these come from
Meteoswiss [Begert et al., 2005; Kuglitsch et al., 2012], five are from the European Climate Assessment and
Dataset [Klein Tank et al., 2002], two are from Meteotrentino, and one was provided by the SMI [Di Napoli and
Mercalli, 2008]. Their geographical positions are shown in Figure 1. For 11 of these series (see Table 1) we only
use annual and semiannual means, because they are only used for the detection of inhomogeneities and not
for the calculation of the corrections (see section 3.3).

3. Methods
3.1. Quality Control
Most data series used in this paper (excluding those digitized by the authors) have undergone a quality
control by the respective data providers. Nevertheless, for the sake of consistency we performed quality
tests on each of the four series used in the analysis, as well as on the three additional series (Locarno-Monti,
Mezzolombardo, and Trento-Laste) used as references for the calculation of corrections (see section 3.3). First,
we carried out a gross quality test on daily data based on absolute thresholds for unrealistic values (seasonally
differentiated; e.g., Tx > 35∘C in winter and Tx > 45∘C in summer). We then compared the daily observations in
each station with the average of the observations in the other six stations for the same day. A difference larger
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Table 1. Additional Temperature Series Used as Reference for the Break Detectiona

Stationb Lon Lat Elev Period Gaps Source Referencec

Bever/Samedan 9.88 46.55 1710 1869–2015 – Meteoswiss –

Bologna 11.35 44.50 53 1814–2003 – ECA and D –

Col du Grand-St.Bernard 7.07 45.87 2472 1864–2015 1901–1963 Meteoswiss –

Davos 9.85 46.82 1590 1876–2015 1883–1888 Meteoswiss –

Innsbruck 11.40 47.27 577 1877–2015 – ECA and D Nemec et al. [2013]

Locarno-Monti 8.78 46.17 366 1935–2015 – Meteoswiss –

Mezzolombardo 11.09 46.21 225 1925–2006 – Meteotrentino –

Milan 9.19 45.47 132 1863–1998 – ECA and D Maugeri et al. [2002]

Montana 7.47 46.30 1427 1931–2015 – Meteoswiss –

Padua 11.88 45.41 31 1854–1997 – ECA and D Cocheo and Camuffo [2002]

Segl-Maria 9.77 46.43 1798 1869–2015 1915–1976 Meteoswiss –

Sonnblick 12.95 47.05 3106 1886–2015 – ECA and D Nemec et al. [2013]

Trento-Laste 11.14 46.07 312 1920–2015 – Meteotrentino –

Turin 7.67 45.07 277 1753–2009 – SMI Di Napoli and Mercalli [2008]
aLon = longitude in degrees East, Lat = latitude in degrees North, Elev = elevation in meters, Period = period covered

by the record, Gaps = large data gaps, Source = data provider.
bThe names of the stations that are also used for the calculation of the corrections are written in italic.
cThe records without reference are not homogenized.

than 15∘C for Tx and 10∘C for Tn was considered suspicious and was subjected to a more detailed inspection.
Of the 147 daily values flagged as erroneous within the seven series, 89 originated from digitization errors
or mistranscriptions and could be corrected by consulting the original sources. The remaining values, mostly
caused by malfunction of the modern electronic sensors, were excluded from the analysis.

Finally, we inspected seasonal averages and their differences from other stations in order to detect irregular
or short-lasting inhomogeneities (due, e.g., to a malfunctioning instrument) for which a reliable estimation of
corrections is not possible. This led to the removal of a relevant fraction of data in the series of Domodossola,
in particular, a long period (July 1876 to June 1885) after the first relocation of the station (from a to b in
Figure S1), when large problems with Tx appear (interannual variability was too high). The maximum ther-
mometer was probably damaged during the relocation; in fact, Tx observations are missing for the first 20 days
of July 1885 suggesting that the thermometer was sent for repair. Incoherent data were also evident for short
periods in 1889 (Tn only), between 1934 and 1935, and in 1988 (Tx only). Moreover, we removed all data for
August and September 1886 because, according to the metadata, the station was temporarily moved into an
attic to allow for renovation works during those months. In the other series, we removed incoherent Tn obser-
vations during winter 1957/1958 for Rovereto and during parts of 1928 and 1929 for Lugano, as well as some
data in the years 1912 to 1915, 1952, 1953, and 1965 for Riva.

Figure 3 shows the temporal coverage of the series and data gaps after the quality control.

Figure 3. Timeline of data availability for daily Tx (red), Tn (blue), and subdaily cloud cover (grey) over the analyzed
period (1874–2015).
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3.2. Observation Times
Changes of the observation times represent a problem affecting nearly all historical records. In particular,
the introduction of automatic instruments implied a worldwide redefinition of the meteorological day, which
nowadays usually coincides with the calendar day (i.e., starting at midnight). Such changes are a potential
source of inhomogeneity for daily extremes. Trewin [2013], for instance, found a shift of a few tenths of degrees
Celsius in the annual mean of Tn in many Australian stations, caused by the adoption of the calendar day.

One of the stations analyzed in our study, Riva, is affected by several changes of the observation time: both
Tx and Tn readings were made at 21:00 LT during 1876–1915, 17:00 LT during 1949–1969, 7:00 LT in 1970,
9:00 LT during 1971–1990, and 0:00 LT during 1991–2015. We tested whether these changes cause shifts in
the mean values by using temperature observations made in Riva (power plant, d in Figure S2) every 15 min
between 1 July 2009 and 30 June 2012. In agreement with the results of Trewin [2013], we found an average
systematic difference of−0.16∘C for Tn for the transition from 9:00 LT to 0:00 LT. This transition coincides with a
significant instrumentation change; therefore, we did not apply a specific correction for the observation time.
The inhomogeneity as a whole is corrected at a later stage by the homogenization algorithm (section 3.3). We
also calculated the impact of the observation time on the number of Tn observations below −1∘C (roughly
corresponding to the 10th percentile in winter) and Tx observations above 33∘C (approximately 90th per-
centile in summer). The 7:00 LT observation time causes a relatively large overestimation (approximately
+10%) in the count for Tn, so we decided not to use the Tn observations of the year 1970 in the analysis. All
other observation times give a count of 48 ± 1 days. The count for Tx is less affected by the observation time;
the largest differences amount to only 1 day (approximately 2%). Note that before 1971, however, the station
was located in the town center, where we do not have subhourly observations. Shadows from the surrounding
mountains and other microclimatic features, as well as the characteristics of the radiation screen, could
influence the impact of the observation time on the daily extremes.

A similar analysis for the station of Lugano, using observations made every 10 min during the period
1981–2010, revealed an average difference of −0.26∘C for Tn caused by the change of observation time from
18:45 LT to 1:00 LT in 1981. However, with the introduction of the automatic network, the Swiss weather service
changed the definition of daily extremes so that Tn is defined as the minimum of the instantaneous tem-
perature observations registered every 10 min, causing a mean overestimation of Tn of arguably the same
magnitude as the underestimation introduced by the change of observation time. Given the impossibility to
verify this with the data in our possession, we did not apply any correction at this stage.

Observation times for the daily extremes at the station of Domodossola are uncertain. In the early years the
station probably followed the guidelines of the SMI [Denza, 1882], which required the reading of Tn at 9:00 LT
and of Tx at 21:00 LT. This practice, however, might have changed during the twentieth century. The calendar
day was adopted in 1988, when we found a significant inhomogeneity in both variables (see section 3.3.1)
that is corrected by the homogenization algorithm.

The changes of observation times at the station of Rovereto were small and are not expected to have a
significant impact on daily extremes. In particular, that station has not yet adopted the calendar day.

3.3. Homogenization
3.3.1. Break Detection
The first step of the homogenization procedure is the definition of homogeneous subperiods in the series,
delimited by so-called “breakpoints,” which will then be used for the calculation and application of the
corrections.

Our breakpoint detection procedure (hereafter “break detection”) is an adaptation of the approach described
in Kuglitsch et al. [2012]; we combine three different statistical methods, each one making use of reference
series at annual temporal resolution. The methods, described by Caussinus and Mestre [2004], Wang et al.
[2007], and Toreti et al. [2012], respectively, use automatic algorithms based on different segmentation tech-
niques applied to a series of differences (candidate minus reference series). For each combination of method
and reference series, we obtain a list of years where breakpoints are detected (note that a particular break-
point can be caused either by the candidate or the reference series or by both). We define a breakpoint to
be significant in the year x if an inhomogeneity is detected in the years from x − 1 to x + 1 by at least three
reference series with at least two of the methods (the reference series that detect the breakpoint can differ
between the methods). This approach guarantees a very low rate of false positives [Kuglitsch et al., 2012].
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The break detection was performed separately on the annual and “seasonal” (winter season defined from
October to March and summer season defined from April to September) averages of Tx , Tn, and the Daily
Temperature Range (DTR=Tx − Tn). In many cases, we used metadata or particular features of the series
(e.g., large gaps) to correct the date of the breakpoint (note that the automatic detection has by definition an
uncertainty of±1 year). Unless the day of the breakpoint was available from metadata, we assigned the break-
point to the first day of the year or to the first day after a long interruption in the observations. The analysis
of DTR did not result in additional breakpoints but was sometimes useful in adjusting the year of breakpoints
that were not supported by metadata, in particular, through a visual inspection of the differences with the
reference series.

For each candidate series we used the 10 best correlated series as reference series and repeated the break
detection on subperiods (>50 years) when one or more reference series have large gaps. These were replaced
with others, so that 10 reference series are actually available for each subperiod. This was clearly not possible
in the 1860s and part of the 1870s, since few series begin before 1874. The break detection is therefore less
reliable before that year. Moreover, 1874 is also the year following the First International Meteorological
Congress, held in Vienna in September 1873, which produced the first set of international standards for the
observation of meteorological parameters [Edwards, 2004]. These considerations led to the selection of the
period 1874–2015 for our analysis.

We provide the complete list of detected breakpoints and the causes suggested by metadata in Table S1 in
the supporting information. The average homogeneous subperiod was 17 years for both Tx and Tn. About one
third of the breakpoints are not supported by metadata. In comparison, Kuglitsch et al. [2012] found an average
homogeneous subperiod of 48 years in Switzerland, with 94% of the breakpoints supported by metadata.
Using a different detection technique applied to a large number of stations (131), Auer et al. [2007] found an
average homogeneous subperiod of 23 years for mean temperature series in the Alpine region.
3.3.2. Correction
We define h1 and h2 as the two homogeneous subperiods before and after a breakpoint in the candidate series
(h2 being the more recent period). Moreover, we define three categories of cloud cover: clear (C1) for a fraction
of covered sky lower than 4/10 (or 3/8, depending on available resolution), cloudy (C2) for a fraction between
4/10 and 9/10 (3/8–7/8), and overcast (C3) for a fraction of 10/10 (8/8. This specific definition of the categories
is motivated not only by statistical considerations concerning sample size and the conversion between tenths
and octas but also by physical properties of clouds. In particular, C1 conditions are usually associated with
cirrus and cumulus clouds, while C2 and C3 have a larger occurrence of stratus and cumulonimbus types [Wacker
et al., 2015]. The category C3 represents, by definition, an entirely covered sky, meaning that the radiation
screen is constantly shaded by the clouds.

In the simplest case of a breakpoint on 1 January and only one reference series, we estimate the corrections
𝛿k( j) for each Julian day j ( j =1, ..., 365) and each cloud cover category Ck(k=1, 2, 3) using a 31 day moving
window centered on j. We call Xc(i, j, k) the subsample of temperature observations at the candidate station
on days with cloud cover in the category Ck contained in the subperiod hi(i=1, 2) and within 15 days from
the Julian day j, while Xr(i, j, k) is the same for the reference station. The temperature observations on a certain
date must be available at both stations; otherwise, they are not used for the calculation of the corrections.

The corrections for the category Ck , when k is either 1 or 3 (clear or overcast), are obtained using the following
equation:

𝛿k( j) =
(

Xc(2, j, k) − Xr(2, j, k)
)
−
(

Xc(1, j, k) − Xr(1, j, k)
)
. (1)

The corrections are then smoothed over j using a LOcal regrESSion (LOESS) of second order with smoothing
parameter 𝛼 = 0.25 [Cleveland and Devlin, 1988] and are finally applied to the days with cloud cover in Ck in
the subperiod h1.

For C2, we use the same procedure without considering the variable k. In other words, to calculate the correc-
tions for this category, we use all days, independent of cloud cover. This choice is motivated by the insufficient
size of the samples that would often result from using only the days belonging to C2, particularly in winter,
and from the large spatial and temporal variability that usually characterizes this category, as we will show
later on.
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In most cases we used more than one reference series and took the weighted average of the corrections
calculated from each reference series. The weights are the averages of the linear correlation coefficients
between the candidate and reference series in the subperiods h1 and h2. Correlations were calculated from
daily anomalies [Trewin, 2013], using the period 1986–2015 as the reference for the anomalies. When the date
of the breakpoint is not 1 January, the days before and after that date in the year of the inhomogeneity are also
considered part of h1 and h2, respectively, and are used for the estimation of corrections. The homogeniza-
tion is performed starting from the most recent breakpoint, so that the series becomes homogeneous with
respect to the latest observations. Tx and Tn are homogenized separately, using the respective breakpoints.

In addition to the four records that are the target of the homogenization, we used three additional reference
series for the calculation of the corrections; these are the shorter records of Locarno-Monti, Mezzolombardo,
and Trento-Laste, which are highly correlated (r > 0.8) with at least two of the target series. The breakpoints
found in these series are also listed in Table S1.

In order to be used for a given breakpoint, a reference series must have homogeneous data for at least 2 years
preceding and following the breakpoint, totaling a minimum of 4 years of available observations. One excep-
tion to this rule was necessary for the 1988 breakpoint in Domodossola (Tx only), which follows a 15 year long
gap; in this case only the year 1972 from the highly correlated reference series of Locarno-Monti (r =0.89)
could be used as h1. We did not set a maximum amount of years to be used; however, these are usually lim-
ited by inhomogeneities in the candidate (for h1 only) and/or in the reference series (note that we always
use uncorrected reference series). The average length of h1 and h2 across all series and all breakpoints was
10 and 17 years, respectively (including data gaps); h2 is on average longer because it is only limited by
inhomogeneities in the reference series as a consequence of the reversed homogenization.

The final step of our homogenization procedure is to reapply the break detection to the corrected series, in
order to verify that all significant breakpoints have been properly corrected. This led, for a few breakpoints, to
the manual exclusion of reference series that produced inaccurate corrections.

Ideally, one should estimate the corrections for a certain cloud cover category from the observations made
when the same cloud cover is present at the same time at both the candidate and the reference station. In
practice, however, this is difficult to apply for two reasons: (1) the number of complete cloud cover series is
limited and (2) the sample may become too small for a reliable estimation of the corrections. For these reasons
we use only the cloud cover observations of the candidate station (or of the nearest reference station, if not
available for the candidate) to define sky conditions at both stations, on the assumption that spatial variability
of cloud cover is usually low.

We use the afternoon cloud cover observations for the homogenization of Tx and the morning observations
for Tn, since these are expected to be closer to the time of the day when extremes are usually reached. From a
physical point of view, cloud cover in daytime affects near-surface temperature observations mainly by mod-
ulating incoming shortwave radiation, whereas the energy budget during night time is strongly affected by
longwave radiation emitted by the clouds [Auchmann and Brönnimann, 2012].

Despite the intrinsic subjectivity of visual observations and despite possible differences in the observation
procedure between different countries, the climatological distribution over the three categories Ck is very
similar within the analyzed stations (Table S2). The observations of clear sky represent more than 42% of the
total, while those of overcast sky vary between 23 and 30%, depending on the station.

Similarity between cloud cover at each station is the main assumption of our method and needs to be verified.
Figure 4 shows the aggregate distribution of “simultaneous” (i.e., during the same part of the day, not nec-
essarily at exactly the same time) cloud cover observations at three of the four stations used in the analysis
(references) when a certain category is observed at the station that is left out (candidate). When the category
at the candidate station is either C1 or C3 (Figure 4 top and bottom rows), then the category at any of the ref-
erence stations coincides in more than 60% of the cases. The percentage is lower for cloudy days (C2; Figure 4,
middle row) because they are, in general, associated with more variable weather conditions. The probability
of observing a certain category at a reference station, when the category C2 is observed at the candidate
station, is not much different from the climatological probability (Table S2). Hence, using all days to calculate
the corrections for C2, independent of their cloud cover, will give similar results to using cloudy days only, with
the advantage of having a larger sample size.
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Figure 4. Fractions of cloud cover observations at the reference stations falling into the three categories Ck , when a
certain category (indicated by the dark bar) is observed at the candidate station for (left column) morning and (right
column) afternoon observations. For example, (top row) shows the fraction of clear, cloudy, and overcast skies observed
at the reference stations when the sky is clear at the candidate station. Seasonal versions of this figure are provided in
the supporting information.

The influence of the geographical distance on the similarity between cloud cover conditions at different
stations is relatively small, although the probability of large differences (clear at the candidate station and
overcast at the reference station or vice versa) is much lower when the stations are close to each other
(Figures S3 and S4).

These results demonstrate that the spatial and temporal variability of cloud cover in the southern Alps is rela-
tively small when cloud cover belongs to either C1 or C3. These climatic conditions are favorable for using this
parameter as a homogenization aid. However, the variability is arguably higher when comparing stations at
vastly different altitudes because of low clouds in winter and orographically induced convection in summer.
3.3.3. Parallel Record
We use 10 years (1992–2001) of parallel observations at the station of Rovereto to estimate the potential
advantage of using cloud cover in a homogenization algorithm (a thorough evaluation of the homogenization
performance requires multiple independent parallel records and is beyond the scope of this paper).

In this record, traditional liquid-in-glass instruments in a “meteorological window” (wooden wall screen with
NNW exposure, 7.5 m from the ground) are compared to the electronic sensor of an automatic weather station
(AWS). The sensor was installed in a modern, freestanding screen over grassy terrain (Figure 2).

There is a discrepancy between the observation times of daily extremes at the meteorological window (Tn of
the previous 24 h observed at 14:00 LT, Tx observed at 19:00 LT) and at the AWS (calendar day). This change in
the definition of the meteorological day is commonly found in long records (see section 3.2).

Meteorological windows (i.e., instruments installed outside a window on a north facing wall, usually contained
in wooden or metallic radiation screens of various kinds), were employed by the Austrian, Italian, and Swiss
weather services in the late nineteenth century [Jelinek, 1869; Denza, 1882; Parker, 1994; Begert et al., 2005;
Brunetti et al., 2006]. They remained a very common configuration for meteorological observatories well into
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Table 2. Parameters Used for the Evaluation of the Homogenization Performance

Parameter Definition Unit

Ē Mean error ∘C

ERMS Root-mean-square error ∘C

E5 5th percentile of the error distribution ∘C

E95 95th percentile of the error distribution ∘C

%E0.5 Fraction of absolute errors ≤ 0.5∘C %

EM Error for the absolute maximum value ∘C

Em Error for the absolute minimum value ∘C

nE<5 Absolute error in the number of values lower than the 5th percentile Days

nE > 95 Absolute error in the number of values higher than the 95th percentile Days

the twentieth century, especially in Italy. Three of the stations that we analyze were initially equipped with a
meteorological window. In Domodossola, the transition to a freestanding wooden screen took place in 1905,
while metadata suggest that a meteorological window might have been used as late as 1980 in Riva. Finally,
Rovereto is an exceptional case, as a meteorological window is still in operation here (see section 2).

We simulate an inhomogeneity in the record of Rovereto by switching from the meteorological window
series to the AWS series on 1 January 1997. Therefore, we use the period 1992–1996 as h1 and 1997–2001
as h2, with h1 corrected and then compared to the parallel record of the AWS for validation. We correct the
inhomogeneity using our homogenization algorithm with and without the aid of cloud cover (denoted by
CLOUD and NO-CLOUD, respectively). Note that both CLOUD and NO-CLOUD apply the same corrections for
C2. We use Lugano, Riva, Locarno-Monti, Mezzolombardo, and Trento-Laste as reference series (the record of
Domodossola does not have enough data in the period h2).

Moreover, we apply two additional state-of-the-art homogenization methods, specifically developed for
daily temperature data: the higher-order moments method (HOMAD) from Toreti et al. [2012] and the
percentile-matching algorithm (PM95) from Trewin [2013]. The former method uses only one reference
series (Riva).

To evaluate the performance of the homogenization in this case study, we define various parameters related
to errors in the whole sample and in the extremes. The parameters are described in Table 2. The percentiles
used for the definitions of the parameters are calculated from the empirical distribution of the observations
made at the AWS during 1992–2001.

3.4. Definition of Temperature Extremes and Trends
In order to allow for a direct comparison, we adopt the same definitions used in Della-Marta et al. [2007a]
for the duration and intensity of heat waves. Specifically, we define a hot day as a day where Tx exceeds its
long-term daily 95th percentile. The daily percentiles are calculated from the empirical distribution of the
values observed in a 15 day window around the target day, in the period 1901–2000. The hot day index (HD)
is the number of hot days within a June–August season expressed as a percentage of time, while a heat wave
(HW) is the maximum number of consecutive hot days that occur in the season.

Similarly, we define a cold day as a day where Tn is below its long-term daily 5th percentile, the cold days index
(CD) as the number of cold days within a December–February season expressed as a percentage of time and
a cold spell (CS) as the maximum number of consecutive cold days in the season.

These indices do not follow a normal distribution and usually have outliers. To calculate their trends, we
employ a robust linear regression using a so-called M-estimator [Venables and Ripley, 2002], specifically by
minimizing the Huber’s loss function [Huber and Ronchetti, 2009] instead of the squared residuals as in ordinary
least squares. We verified that the results are not significantly different from those obtained using the median
of pairwise slopes [Sen, 1968], another robust regression technique commonly applied in climate research.

To evaluate the statistical significance of trends, we use the Mann-Kendall nonparametric test [Sneyers, 1990].
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Table 3. Performance of the Homogenization Methods for the Parallel Record of Rovereto

Ē ERMS E5 E95 %E0.5 EM Em nE<5 nE > 95

Method Referencea Tx Tn Tx Tn Tx Tn Tx Tn Tx Tn Tx Tn Tx Tn Tx Tn Tx Tn

Winterb

Uncorrected — −1.98 1.82 2.56 2.04 −4.6 0.5 0.4 3.3 21.9 4.9 −2.6 1.0 −0.7 1.8 20 −15 −8 32

HOMAD Riva −0.55 0.34 1.69 1.08 −3.0 −1.3 1.9 2.0 19.0 54.0 1.3 0.0 0.6 0.0 0 −5 −6 −1

PM95 All 0.25 0.49 1.65 1.06 −2.2 −0.8 2.8 2.1 26.1 52.0 1.9 0.0 0.0 −0.6 −1 −3 −2 3

NO-CLOUD All 0.37 0.25 1.64 0.96 −2.2 −1.1 2.8 1.8 22.6 57.7 0.0 −0.4 1.4 0.4 −14 −5 −6 −5

CLOUD All 0.29 0.35 1.15 0.97 −1.6 −0.7 1.9 2.1 31.4 63.7 0.7 0.1 1.4 0.3 −6 −3 −5 3

CLOUD Mezzolombardo −0.22 0.34 1.14 0.97 −2.0 −0.9 1.4 1.8 42.3 55.5 0.4 −0.3 0.7 0.3 0 −4 −6 −4

CLOUD Riva 0.16 0.11 1.14 0.91 −1.8 −0.9 1.7 1.9 32.7 68.1 0.4 −0.2 1.2 −0.1 −5 3 −6 0

CLOUD Trento-Laste 1.09 0.69 1.57 1.16 −0.7 −0.5 2.8 2.4 19.2 36.5 1.7 0.3 1.9 0.8 −13 −6 4 8

CLOUD Locarno-Monti 0.16 0.32 1.15 0.97 −1.8 −0.7 1.7 2.3 30.5 65.5 0.5 0.2 1.5 0.2 −6 1 −6 7

CLOUD Lugano 0.21 0.28 1.15 0.96 −1.7 −0.7 1.8 2.2 31.6 69.5 0.7 0.3 1.4 0.0 −5 0 −5 6

CLOUD+ Lugano 0.33 0.25 1.24 0.98 −1.5 −0.8 2.1 2.1 35.6 67.0 1.3 0.3 1.0 0.0 −3 1 −3 7

Summer

Uncorrected — −1.55 2.21 1.89 2.35 −3.3 1.1 0.2 3.4 15.2 0.4 −1.6 1.5 0.5 3.6 6 −20 −25 101

HOMAD Riva −0.14 0.32 1.18 0.96 −2.0 −0.9 1.8 1.7 38.3 50.9 −0.1 −0.7 2.0 2.0 −7 −9 −17 −3

PM95 All −0.18 0.19 1.06 0.84 −1.9 −0.9 1.5 1.4 38.9 59.3 0.7 −0.2 1.9 1.3 −5 7 −5 3

NO-CLOUD All 0.18 0.10 0.94 0.82 −1.3 −0.9 1.7 1.3 41.5 56.1 0.6 −0.6 1.7 1.4 −4 6 −2 1

CLOUD All 0.16 0.06 0.93 0.81 −1.4 −0.9 1.6 1.2 38.9 57.4 0.8 −0.7 1.8 1.3 −3 6 −2 0

CLOUD Mezzolombardo 0.81 0.42 1.24 0.92 −0.7 −0.7 2.3 1.6 28.0 48.3 1.5 −0.3 2.4 2.0 −10 2 10 16

CLOUD Riva −0.26 0.10 0.97 0.81 −1.8 −1.0 1.1 1.3 39.1 57.4 0.2 −0.6 1.6 1.4 −1 7 −10 0

CLOUD Trento-Laste −0.10 −0.43 0.92 0.94 −1.6 −1.4 1.3 0.7 38.9 40.9 0.6 −0.6 1.2 0.9 −1 21 −3 −7

CLOUD Locarno-Monti 0.19 0.08 0.97 0.83 −1.4 −1.0 1.6 1.3 37.0 57.6 0.8 −0.6 2.0 1.0 −6 6 −2 −1

CLOUD Lugano 0.15 0.18 0.95 0.85 −1.5 −0.9 1.6 1.4 37.6 57.2 0.9 −0.5 1.8 1.0 −4 3 −2 2

CLOUD+ Lugano −0.01 0.15 1.00 0.91 −1.6 −0.9 1.5 1.5 35.2 57.8 1.0 −0.1 0.8 1.1 0 1 −1 4
aReference series that have been used for each method.
bWinter (summer) is defined here as the months from December to February (June to August).

4. Results
4.1. Homogenization Performance
Table 3 summarizes the results of the homogenization for each of the methods that we tested, for winter and
summer. The mean errors (Ē) in the uncorrected data are consistent with other studies [e.g., Parker, 1994; Böhm
et al., 2010] in that DTR is lower for the meteorological window than for a freestanding screen; Tx (Tn) is, over
the whole year, on average 2∘C lower (higher) in the meteorological window.

The largest impact of the use of cloud cover is found for Tx in winter, when ERMS for CLOUD is 30% lower than
for NO-CLOUD. For Tn, there are no improvements in ERMS, nevertheless %E0.5 is higher for CLOUD. HOMAD and
PM95 produce a higher ERMS than both CLOUD and NO-CLOUD for all combinations of variables and seasons.

The absolute errors in the counts of the extremes (nE<5 and nE > 95) are, on average, 43% lower in winter and
15% lower in summer when using CLOUD instead of NO-CLOUD. HOMAD and PM95 have smaller errors in
the counts than CLOUD in winter (−29% and −47%, respectively) despite their higher ERMS but larger errors
in summer (+227% and +82%).

To evaluate the influence of the number of reference series, we also show the results obtained by using
each one of the reference series alone. The performances hardly depend on the reference series, with some
exceptions; Trento-Laste and Mezzolombardo provide significantly worse corrections than the other refer-
ence series, indicating that their records have small inhomogeneities between 1992 and 2001 that were
not detected by the homogenization algorithm. Nevertheless, they still improve the homogeneity of the
candidate series and provide better results than NO-CLOUD, HOMAD, and PM95 for some of the indices.
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Figure 5. Estimated corrections (lines) using the CLOUD method for the series of Rovereto over the period 1992–1996
as a function of the Julian day for Tx (top) and Tn (bottom). Colors represent the three cloud cover categories; points
represent observed differences in the parallel record. The vertical lines locate the summer solstice.

For Lugano we also tested a variation of CLOUD, which we call CLOUD+, where the corrections are calculated
using only days when a certain cloud cover category is observed at both the candidate and the reference
station. As expected, the reduction of the sample size counteracts the improved similarity between cloud
cover at the two stations, resulting in better performances for some indices, but worse performances for
others.

The results from the single reference series allow for a better comparison with HOMAD, which uses only the
series of Riva, and confirm the better performances of CLOUD for most of the indices.
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Table 4. Linear Trends of Annual Mean Temperatures Over the Period 1874–2015a

Tx Tn DTR Tm

Station Before After Before After Before After Before After

Domodossola 0.9 ± 0.2 1.0 ± 0.2 −0.1 ± 0.2 1.7 ± 0.1 0.6 ± 0.3 −0.9 ± 0.1 0.6 ± 0.2 1.4 ± 0.1

Lugano −0.1 ± 0.2 1.5 ± 0.1 2.2 ± 0.1 1.7 ± 0.1 −2.3 ± 0.2 −0.2 ± 0.1 1.0 ± 0.1 1.6 ± 0.1

Riva 1.0 ± 0.3 0.6 ± 0.1 −1.5 ± 0.3 1.8 ± 0.1 2.6 ± 0.2 −1.2 ± 0.1 −0.2 ± 0.3 1.2 ± 0.1

Rovereto 1.6 ± 0.2 1.2 ± 0.1 1.7 ± 0.1 1.3 ± 0.1 −0.2 ± 0.2 −0.1 ± 0.1 1.7 ± 0.1 1.3 ± 0.1

Southern Alpsb 0.7 ± 0.2 1.1 ± 0.1 0.7 ± 0.2 1.6 ± 0.1 −0.1 ± 0.2 −0.5 ± 0.1 0.7 ± 0.1 1.4 ± 0.1
aIn terms of least squares regression coefficients (∘C century−1), with standard errors, before and after the

homogenization.
bCalculated from the average of the anomaly series of the four stations.

Figure 5 shows the daily corrections applied to each Ck in CLOUD. For Tn, the influence of cloud cover on
the corrections is rather small. On the other hand, Tx corrections have a strong annual cycle for C1 and C2,
resembling the annual cycle of the solar elevation angle, while corrections for C3 are close to zero for most
of the year. The inverse correlation between solar elevation and correction can be explained by a larger frac-
tion of shortwave radiation reaching the meteorological window when the Sun is higher (mostly due to
reflection by the surrounding environment, but even through direct radiation in the late-afternoon hours
between June and July). This causes an overestimation of Tx with respect to winter months because of the
poor radiation-shielding characteristics of the wooden case.

The corrections for C3 are very close to those for the other categories in late spring and summer, probably
as a consequence of the larger variability in space and time of cloud cover rather than a real physical signal.
Moreover, corrections for C3 are more difficult to estimate in summer because overcast conditions are much
less frequent, particularly in July and August.

Figure 5 also shows the “real” corrections observed for each day in the period 1992–1996 (i.e., temperature at
the weather station minus temperature at the meteorological window). The differences for C3 (black points)
have a larger variability in spring and summer than for the other categories, indicating that they are often
contaminated by rapid changes in cloud cover, which are typical of those seasons (see Figure S6). A number
of outliers are also evident, particularly for Tn. They are mostly caused by the different definitions of the mete-
orological day (see section 3.3.3); when there is a disruption of the normal daily cycle of temperature (due to,
e.g., a thunderstorm), a daily extreme can be assigned to different days depending on the definition adopted
and can sometime be assigned to 2 days in a row when it is reached near the end of a day (e.g., near midnight
for the AWS). The homogenization procedure cannot correct these inconsistencies but can correct the mean
bias that they cause (as discussed in section 3.2).

4.2. Trends in Annual Means
Table 4 summarizes the impact of the homogenization on the trends of Tx , Tn, DTR, and mean temperature
(Tm = Tx+Tn

2
) over the entire analyzed period. Trends are more similar between stations after the homogeniza-

tion, although they are not directly comparable because of the data gaps in the records (only years with at
least 350 available daily values are used for trend calculation). The mean regional trend of Tn is nearly 50%
larger than that of Tx , causing a significant negative trend for DTR. All homogenized trends in Table 4 are
statistically significant at the 1% level (p < 0.01), except the trends of DTR in Lugano (p<0.05) and Rovereto
(p<0.20).

Figures 6 and 7 show the annual mean Tx and Tn before and after the homogenization for each of the analyzed
records. The corrections can be very high, up to 4∘C, as in the case of Tn in Domodossola in the early years
(for clear days they can reach 6.5∘C in winter, not shown). Such large corrections are justified when meteoro-
logical windows are employed because of the height from the ground (up to 22 m in Domodossola) and the
heat dispersion of the building in which the window is installed.

Figures 6 and 7 (fifth panel) show the average regional series (calculated from the anomaly series of the four
stations), which emphasizes a larger decadal variability in Tx than in Tn. This contributes to a reduced trend in
Tx because of the particular time frame analyzed, which begins with a warm phase, but does not, on its own,
manage to explain the large difference with the trend in Tn.
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Figure 6. Annual mean Tx series before (grey dots) and after (black dots) homogenization (only years with at least 350 available daily observations are plotted).
Vertical dashed lines indicate the breakpoints. (fifth panel) The average of the four homogenized series (anomalies with respect to 1901–2000), together with the
11 year moving average (grey solid line) and the linear trend (dashed black line).
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Figure 7. Same as Figure 6 for Tn .
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Figure 8. Daily thresholds used for the calculation of the extreme indices: 95th percentiles of Tx in summer (upper lines)
and 5th percentiles of Tn in winter (lower lines).

4.3. Trends in Extreme Indices
Figure 8 shows the thresholds used for the calculation of the extreme indices (see section 3.4). The mitigation
effects of Lake Lugano and Lake Garda are evident in the thresholds of Lugano and Riva, whereas the stations
of Domodossola and Rovereto have a more continental climate (i.e., larger differences between cold and warm
extremes).
4.3.1. Heat Waves
Results for the indices HD and HW are summarized in Figures 9 and 10. There are some minor discrepancies
between the four records; on the one hand, these can be real physical signals caused by the different micro-
climates, but on the other hand, it is likely that a few significant errors still affect the data. For example, a few
spikes for HD in the record of Lugano (most notably those of 1881 and 1904) are not seen in the other records.
Nevertheless, both HD and HW are characterized by positive trends for all stations, statistically significant at
the 1% level. Similarly to the mean values, we calculated a regional series of the extreme indices from the four
anomaly series. The resulting trends are 6.8 ± 0.9 days century−1 for HD and 2.7 ± 0.4 days century−1 for HW.

The year 2003 has by far the highest value of HD, with HW exceeding 12 days for all stations. The recent
sequence of heat waves that characterized the summer of 2015 in Europe brought the second highest value
of HD since 1874 at the stations of Lugano and Riva (data for 2015 were not available at the other stations). The
2015 value of HW matched the 2003 value in Lugano (13 days). A summer without hot days has not occurred
for almost 30 years, whereas it is found on average every third year before 1980.
4.3.2. Cold Spells
Results for the indices CD and CS are summarized in Figures 11 and 12. All stations show similar and highly
significant (p<0.01) negative trends. In this case, the most significant discrepancy comes from the record of
Riva in the 1980s. The regional mean trends are−4.0±0.7 days century−1 for CD and−2.0±0.4 days century−1

for CS.

After a step-like reduction in the early 1970s, cold days have become rare in the last few decades. Since 1980,
only the winter of 1984/1985 had a remarkable cold spell (CS > 5 at all available stations). The exceptionally
cold winter of 1928/1929 had more cold days than the whole period 1975–2015 in Lugano or 1986–2014
in Rovereto. On average, we observe a reduction of about 80% for CD and 70% for CS between the periods
1881–1910 and 1981–2010.
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Figure 9. Time series for HD. Missing years are marked by the grey shading on the time axis (at least 95% of nonmissing daily data are required to calculate the
index for a certain year). Lines represent linear trends.

5. Discussion

The parallel record of Rovereto supports our hypothesis that cloud cover can be used to improve the quality
of a statistics-based homogenization of daily temperature records. In the specific case of Rovereto, short-
wave radiation (direct and scattered) clearly plays a large role in shaping daily differences between the two
configurations, while the impact of longwave radiation is much smaller. We expect a strong variability of
the homogenization performance with other kinds of inhomogeneities and in different climates; hence, very
different behaviors are possible for other breakpoints and other stations. For example, the corrections used
to homogenize our data set also show a large influence of cloud cover for Tn for some inhomogeneities (not
shown), and we can then expect a significant improvement of the homogenization performance for Tn in
those cases. Obviously, other inhomogeneities are not influenced by cloud cover (e.g., the recalibration of a
thermometer), and the use of our method will not bring any improvement with respect to other methods. In a
worst-case scenario, represented by very short h1 and/or h2 subperiods, it could even produce a worse homog-
enization performance due to the reduction in sample size. Small sample sizes, related to the limited number
of reference series available in this study, also prevent the correction of high-order moments of the distribu-
tion within a cloud cover category, which could improve the performance of the homogenization when cloud
cover variability is high (e.g., in summer) and when other variables (e.g., wind) play an important role.

The regional trend that we obtained for the mean temperature is compatible with previous analyses for the
southern part of the Greater Alpine Region [Auer et al., 2007; Brunetti et al., 2009]. The magnitudes of trends
in the original data were on average underestimated for all variables, although opposite behaviors are found
for specific stations depending on the type of radiation screen used in the first part of the record. In particular,
the transition from the meteorological window to modern screens causes a strong underestimation of the
trends for Tn and, consequently, an overestimation of the trends for DTR.

While a negative trend in DTR has been observed in most parts of the world during the second half of the
twentieth century [e.g., Vose et al., 2005], studies over longer periods are rare. Moberg et al. [2006] found no
difference between the trends in Tx and Tn over the period 1901–2000 in Europe as a whole. A stronger trend
for Tn was observed by Brunetti et al. [2006] for the southern Alps over the period 1865–2003; they did not
find a similar feature in the adjoining Po Plain. In the northern Alps, a significant negative trend for DTR was
found for low-altitude stations over the period 1901–1990, but not for mountain stations [Weber et al., 1997].

BRUGNARA ET AL. TEMPERATURE INDICES IN THE SOUTHERN ALPS 3321



Journal of Geophysical Research: Atmospheres 10.1002/2015JD024582

Figure 10. Same as Figure 9 for HW.

On the other hand, Acquaotta et al. [2014] found stronger positive trends for Tn than for Tx at high-altitude
stations in the western Italian Alps over the period 1961–2010. Note that we use only low-altitude stations in
the present study, as did Brunetti et al. [2006] for their Alpine subset.

DTR is negatively correlated with cloud cover [e.g., Dai et al., 1999]; therefore, a positive trend in cloud cover
would explain at least part of the trend in DTR. Previous studies [Auer et al., 2007; Brunetti et al., 2009] did find

Figure 11. Same as Figure 9 for CD.
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Figure 12. Same as Figure 9 for CS.

an increase of cloud cover in the southern Alps, but with a low statistical significance in all seasons except
summer. The only complete cloud cover record in our data set, Lugano, shows a strong positive trend (1.0 ± 0.1
tenths century−1), while that of Rovereto (1919–2013) shows the opposite (−0.9 ± 0.1 tenths century−1). The
homogeneity of these records is a big concern, and no solid conclusions can be drawn.

Our results for the warm extreme indices are consistent with those of Della-Marta et al. [2007a], who found
positive trends between 1 and 9 days century−1 for HD and between 0.3 and 3 days century−1 for HW in the
Alps. This means that over the last ca. 140 years, HD and HW have increased on average by more than 200%.
However, if we restrict the analysis to the period 1880–2005 (i.e., the period analyzed in Della-Marta et al.
[2007a]), then we find significantly smaller trends than for our complete period. As evident from Figures 9 and
10, the increase has taken place mostly over the last 20 to 40 years, consistent with the changes in mean Tx

(Figure 6). This rapid increase in the trends is probably related in part to natural variability [e.g., Sutton and
Hodson, 2005; Della-Marta et al., 2007b] that enhanced the anthropogenic warming [Stocker et al., 2014]. Soil
moisture has also been shown to have an important influence on heat waves [e.g., Mueller and Seneviratne,
2012], and the significant decrease of winter and spring precipitation observed in the southern Alps over the
last few decades [Brugnara et al., 2012] might be an additional contributor to the recent trends observed in
the warm extreme indices.

A strong reduction of winter CD after ca. 1970 was also found by Yan et al. [2002] for two stations in the Po
Plain (Milan and Padua). However, they found much lower values than those in our stations over the period
1900–1930, which caused the secular trends to be nonsignificant. A similar behavior was observed in south-
eastern Europe and was linked in part to changes in the frequency and residence time of synoptic circulation
patterns [Domonkos et al., 2003]. In fact, low Tn values at low elevations are usually generated by a strong
temperature inversion, which can only occur with stable anticyclonic conditions that persist for several days.

6. Conclusions

In this work, we responded to the need for additional meteorological records at daily resolution in climate
change research [e.g., Menne et al., 2012; Donat et al., 2013], by presenting three maximum and minimum
temperature series for the southern Alps dating back to the second half of the nineteenth century. We
also recovered subdaily cloud cover observations for the same stations and used them as a constraint for
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the homogenization of the temperature series, in order to take into account the effect of radiation on the
magnitude of the inhomogeneities on the daily scale.

The homogenization algorithm that we proposed requires cloud cover observations only for the candidate
station, under the assumption that spatial variability is sufficiently low. Future improvements in the method
may include the use of wind, snow cover, or other meteorological parameters, as well as the correction of
high-order moments of the distribution within a certain cloud cover category.

A parallel record at one of the stations allowed for a validation of the homogenization procedure for a specific
inhomogeneity (transition from a meteorological window to a modern weather station). The results indicate
that the use of cloud cover significantly improves the homogenization performance, although a more solid
validation based on multiple parallel records and/or physics-based models is needed, in particular, for climatic
regions where cloud cover variability is larger than in our study area (e.g., northern Europe).

We obtained long-term trends in the mean annual temperature that are consistent with previous studies. This
includes our finding of a significant negative trend in the daily temperature range, probably related in part to
an increase in cloud cover.

We defined four extreme indices to represent frequency and duration of heat waves in summer and cold spells
in winter. Warm extremes have strongly increased, particularly over the last three decades, while a reduction
of similar magnitude has affected cold extremes.

Our results clearly indicate that the southern Alps have undergone an important change toward a warmer
climate that has also affected extreme temperatures. However, the homogenization of daily temperature
observations poses greater difficulties than the homogenization of monthly or annual means, and therefore,
the trends in extreme indices are affected by a larger uncertainty. The Alpine region is particularly rich in long
meteorological records, many of them not yet digitized, meaning that a considerable potential still exists to
reduce this uncertainty.
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